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Abstract
The application of an in situ potential difference between carbon ﬁbres and a graphite foil
counter electrode (300 V, generating an electric ﬁeld ca 0.3–0.7 V μm−1), during the chemical
vapour deposition synthesis of carbon nanotube (CNT) grafted carbon ﬁbres, signiﬁcantly
improves the uniformity of growth without reducing the tensile properties of the underlying
carbon ﬁbres. Grafted CNTs with diameters 55 nm ± 36 nm and lengths around 10 μm were well
attached to the carbon ﬁbre surface, and were grown without the requirement for protective
barrier coatings. The grafted CNTs increased the surface area to 185 m2 g−1 compared to the as-
received sized carbon ﬁbre 0.24 m2 g−1. The approach is not restricted to batch systems and has
the potential to improve CNT grafted carbon ﬁbre production for continuous processing.
Supplementary material for this article is available online
Keywords: carbon ﬁbre, carbon nanotube, synthesis, chemical vapour deposition, potential
difference enhanced
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
Carbon nanotubes (CNTs) have received signiﬁcant attention
due to their impressive intrinsic mechanical, thermal and elec-
trical properties [1], leading to their incorporation into a wide
range of applications, including electrodes in fuel cells and
batteries [2], sensors [3], catalyst supports [4], and microscopy
probes [5]. One possibility is their use as primary reinforce-
ments in a new generation of high performance structural
materials [6, 7]; however, in the nearer term it may be more
straightforward to use them to improve the response of the
existing state-of-the-art carbon ﬁbre-reinforced composites, by
addressing matrix and interface dominated failures [8, 9].
There are two methods to incorporate CNTs into ﬁbre
reinforced matrices; one is to inﬁltrate CNT-loaded resins into
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conventional ﬁbre preforms, the other alternative is to grow or
coat CNTs onto the ﬁbre surface before incorporation into a
conventional resin matrix. The former method is usually
limited to relatively low CNT loading fractions (approx.
2 wt%), due to the signiﬁcant increase in matrix viscosity and
ﬁltration effects against the ﬁbre preform above the rheolo-
gical percolation threshold [10], despite recent progress [11].
For the latter method, CNTs can be attached to a ﬁbre through
various processes, including, chemical grafting [12–14],
electrophoretic deposition [15, 16] and using a CNT-loaded
ﬁbre size [17]. However, these approaches are less desirable
due to poor orientation and lack of strong attachment of the
CNTs to the ﬁbre surface. For use as a reinforcement in
conventional matrices, direct synthesis of CNTs onto con-
ventional structural ﬁbres is preferred and provides speciﬁc
reinforcement of the critical ﬁbre–matrix interface. Carbon
ﬁlament growth (analogous to carbon nanoﬁbres) on single
crystal graphite substrates was ﬁrst reported by Baker et al
[18] in the 1970s and later extended to carbon ﬁbre supports
by the same author [8]; interest has increased in recent years
[19–29] with CNTs synthesised on silica or alumina ﬁbres
[22, 30–36] receiving greater attention due to greater stability
of the catalyst on the surface. Once embedded in resin, CNT-
grafted ﬁbres (also referred to as fuzzy ﬁbres [37–39] or hairy
ﬁbres [7]) have been shown to increase interfacial shear
strengths. Although values vary widely, the largest
improvements reported for single ﬁbre pull-out (carbon ﬁbre)
and single ﬁbre fragmentation (silica ﬁbre) tests are 94% [40]
and 156% [32] over as-received unsized and as-received sized
baselines, respectively. When applied to woven fabric pre-
forms (in this instance, pyrocarbon coated carbon ﬁbres), the
presence of CNTs in the interfacial region have been reported
to increase the interlaminar shear strengths by up to
209% [41].
Carbon ﬁbres out-perform silica and alumina ﬁbres in
terms of stiffness and speciﬁc properties; however, when
carbon ﬁbres are used as substrate for chemical vapour
deposition (CVD) CNT growth, they are readily damaged,
reducing strength in particular. A number of possible degra-
dation mechanisms may occur; fundamentally, the carbon
needed for CNT growth may be partly derived from the
parent carbon ﬁbre substrate itself (instead of the intended
hydrocarbon), leading to substrate carbon dissolution into
catalyst particles or the pitting of the ﬁbre surface, historically
referred to as ‘channelling’ in gasiﬁcation experiments [42]. If
residual water/oxygen is present, or if hydrogen is used as a
catalyst reducing agent, then hydrolysis [43] or hydrogena-
tion/gasiﬁcation [44] of the carbon substrate may occur
during high temperature CVD, particularly in the presence of
a catalyst. Controlling the CNT-synthesis on carbon ﬁbre
through optimised gas stoichiometry [45] with reduced
temperature (ca 500 °C) [21, 46], reduces ﬁbre damage due to
the less harsh synthesis conditions, however, the quality of
the resulting CNTs tends to be lower. One alternative strategy
to limit damage relies on the use of catalysts which do not
readily dissociate carbon, for example ZrOCl [47] or Cu [48],
although these systems are likely to grow herringbone or
platelets carbon nanoﬁbres rather than multiwalled nanotubes.
Other routes include prolonged exposure to CVD conditions
to allow sustained damage to the graphitic lattice to be
repaired [20], or conversely through short CNT growth
duration, ca 15–20 min, to minimise damage sustained during
synthesis [49–51]. Some researchers have suggested that
maintaining the carbon ﬁbres under tension during CNT
synthesis reduces thermally-activated mechanochemical
changes in the ﬁbre microstructure [19]. Perhaps the most
widely used strategy to circumvent damage to the carbon
involves the application of barrier coatings, often pyrolytic
carbon [52, 53], alumina [54, 55] or silicon/silica based
[56–63], which limit/prevent undesired dissociation of cata-
lyst and/or improve catalyst loadings. However, this
approach is likely to create a new weak interface, limiting the
mechanical beneﬁts in use. The nature of the underlying
surface can also inﬂuence the quality of the CNTs grown, for
example, a graphitic carbon substrate is reported to produce
more graphitic CNTs [64, 65].
Controlled CNT alignment is especially relevant for their
application in composites [7], and can be introduced during
synthesis, for example via gas ﬂow [66], lattice-/step-orientated
growth effects [67, 68], steric interactions during dense forest
growth [69], or electric ﬁelds generated either intrinsically
during plasma-enhanced CVD (PE-CVD) [70–73] or inde-
pendently [66, 74–79]. Gas ﬂow and lattice-orientated growths
can only be applied to relatively low concentrations of CNTs,
and tend to generate alignment parallel to the substrate. Inde-
pendent ﬁeld generation during thermal CVD has an advantage
over PE-CVD approaches which can etch both carbon ﬁbres
and CNTs [80]. Simple electric ﬁelds generated by applying a
potential difference to relevant electrodes can also be applied to
systems without the stringent low-pressure conditions required
for stable plasma generation. The application of a static ﬁeld is
usually applied in a parallel plate capacitive conﬁguration
without signiﬁcant current ﬂow; an alternating ﬁeld embodi-
ment is also reported [81].
Resistive or ohmic heating, has been previously shown to
synthesise CNTs on carbon paper [82] and pitch based carbon
ﬁbres [83], as a variation of cold-walled CNT CVD synthesis.
In an ohmically heated conﬁguration, electrical current ﬂows
through a resistive substrate generating the temperatures
required for CNT CVD growth. However, this approach is not
designed to generate a signiﬁcant electric ﬁeld around the
ﬁbres, and no alignment is expected or reported.
A desirable carbon nanotube-grafted-carbon ﬁbre (CNT-
g-CF) product for structural composites has aligned, dense
grafted CNTs, approximately normal to the carbon ﬁbre
substrate in a radial conﬁguration, and a relatively short
length consistent with maintaining a high primary ﬁbre
volume fraction in the ﬁnal material. The process should
avoid damaging the carbon ﬁbres and be in principle scalable
to continuous production. The aim of this study was to apply
a potential difference between the carbon ﬁbre substrate and a
cylindrical counter electrode, to generate a static electric ﬁeld
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during atmospheric pressure hot-walled CVD. In particular,
the CNT-g-CF approach may provide a practical route to
achieve the desired growth of aligned of CNTs normal to the
ﬁbre axis. In this embodiment, there is no intention to gen-
erate plasma, only to charge the substrate, to spread the car-
bon ﬁbre tow and to encourage aligned CNTs growth from
the carbon ﬁbre surfaces.
2. Experimental
2.1. Materials
Sized polyacrylonitrile (PAN)-based carbon ﬁbres, AS4C-
GP-12K-8, HS-CP-4000 grade, continuous 12k ﬁbre tow
were used. The carbon ﬁbres have a circular section ﬁbre
diameter of 6.9 μm5. They were kindly supplied by Hexcel,
UK. A mixture of iron(III) nitrate nonahydrate (98% ACS
reagent, Sigma-Aldrich, UK) and nickel(II) acetylacetonate
(98%, VWR, UK) in ethanol (EtOH, >99.7% BDH Pro-
labo, VWR, UK) was used to prepare the bi-catalyst precursor
solution. A mixture of Ni–Fe catalyst has been shown to have
increased activity (channelling rate) in gasiﬁcation experi-
ments in the presence of hydrogen [42]. Argon gas
(99.998 vol% minimum, zero grade), premixed hydrogen in
argon (Ar 90±0.5 vol% and H2 10±0.5 vol%) and acet-
ylene (C2H2, 98.5 vol% minimum) were used in CVD CNT
synthesis, all at a pressure of 2 bar. All gases were purchased
from BOC Gases, UK. Graphite foil (99.8%, C1179, Advent
Research Materials Ltd, UK) of approximate dimensions
100 mm×180 mm×0.2 mm was used as a counter elec-
trode. High-performance liquid chromatography (HPLC)
EtOH (95%–97% HiPerSolv CHROMANORM, VWR, UK)
was used for the ultra-sonication experiment. All chemicals
and the carbon ﬁbres were used as-received.
2.2. Catalyst precursor deposition on carbon fibres
Carbon ﬁbre tows were impregnated with catalyst precursor
by submerging them for 2 min into a bi-catalyst precursor
solution comprising of 2 wt% iron(III) nitrate nonahydrate
and 2 wt% nickel(II) acetylacetonate in ethanol to give a
molar ratio of Fe:Ni/1:1.6. The ﬁbres were then dip washed
in deionised water (18MΩ) for 1 min, then dried at standard
ambient atmospheric temperature and pressure.
2.3. Synthesis of CNT-grafted-carbon fibres
Thermal CVD was performed on 10 cm lengths of carbon
ﬁbre tow (each tow was split into sections each containing
approximately 4000 ﬁbres), which had been coated with bi-
catalyst precursor, in a hot-walled CVD set-up using a 2′
quartz tubular furnace (PTF 15//610, Lenton, UK), joined
using quick connect tube adaptors (LewVac LLP, UK).
Custom made quartz frames (Robson Scientiﬁc, UK) were
used to hold the ﬁbres in position in the furnace tube thus
maintaining accessibility to the gas ﬂow. The frames were
held in place by gravity. The ﬁbre regions that had been
occluded by the frames were not characterised. The chamber
was purged with argon for at least 40 min (500 sccm for
20 min, then 1000 sccm for 20 min) prior to heating to 770 °C
at 10 °Cmin−1 under argon ﬂow (500 sccm). The synthesis
temperature was chosen to be above the bulk phase eutectoid
point of Fe–C, 723 °C at 0.83 wt% C [84]. The temperature of
the eutectoid point of Ni–Fe is 347 °C at 49 at% Ni in Fe [85]
and was exceeded during the reaction, but the temperature of
the eutectoid point for Ni–C (at 3 at% C, 1326 °C) was not
attained [86]. The gas was then replaced with premixed
hydrogen in argon (2000 sccm, for catalyst reduction) for
10 min prior to the addition of acetylene (10 sccm, carbon
feedstock for CNT-growth) for 60 min. Once the reaction had
been completed, the acetylene source was closed and the
system was cooled in ﬂowing premixed hydrogen in argon
gas (2000 sccm) to 500 °C, which was then replaced by argon
(500 sccm) while cooling to 100 °C. Samples were then left to
cool overnight before removal from the furnace at room
temperature. A schematic of the CVD batch set-up and mass
ﬂow controller details are shown in the supplementary
information (S.1, ﬁgures SI 1(a), (b) and S.2 available online
at stacks.iop.org/NANO/28/305602/mmedia).
To apply a potential difference in situ during the synth-
esis of CNT-g-CF, the arrangement was modiﬁed to establish
an electrical connection to the carbon ﬁbre and to a counter
electrode introduced via an electrical-feed through (LewVac
LLP, UK, ﬁgures 1(a) and (b)). Graphite foil was chosen as
the counter electrode in the circuit as it is a conductive and
ﬂexible material, which does not catalyse the growth of CNTs
and is thermally and chemically stable under reaction condi-
tions. A sheet of compacted graphite foil was rolled into a
cylinder and inserted into the 2″ quartz tube where it was
allowed to unroll to create a 2″ inner diameter tubular counter
electrode. Electrical connection to the counter electrode was
made by piercing the graphite foil with a stainless steel wire
(ﬁgure 1(c)). The electrical connection to the carbon ﬁbre was
made by wrapping a piece of graphite foil to the quartz frame
then sandwiching the carbon ﬁbres with cleaned stainless
steel wire binding, which was then used as the connection
wire (supplementary information S.1, ﬁgures SI 1(e) and S.3).
The connecting wires were covered with ceramic beads (ﬁsh
spine beads, RS Components Ltd, UK) to reduce the like-
lihood of shorting and an insulating piece of quartz
(36 mm±0.5 mm, wall thickness 1.5 mm±0.2 mm, Rob-
son Scientiﬁc, UK) placed between the counter electrode and
ﬁbres to stop stray ﬁbres from discharging the circuit
(ﬁgures 1(a) and (b)). The potential difference was measured
using a high voltage probe (TT-HVP 40, 1000:1 divider,
division ratio accuracy 1%, Testec, Germany) connected to a
voltmeter (IDM67,±0.7% voltage, IEC 1010-1, ISO-Tech,
UK). A 1:250 voltage ampliﬁer (MM3P1.5/12, 1.5W, 12 V
input, linear high voltage output 3 kV max and 0.5 mA max,
efﬁciency 55%–70%, Spellman High Voltage Electronics,
UK) was used to increase the voltage output in conjunction
with a variable current and voltage power supply source
(Mastech HY3003D, variable DC supply, 30 V max and 3 A
5 Hexcel Composites, HexTow™ AS4C carbon ﬁbre, Data Sheet
(2009) 1–2.
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max output, Digimess Instruments Ltd, UK). The CNT-
growth reaction conditions were identical to the precursor-
loaded carbon ﬁbres previously described (gas concentration/
ﬂow/temperature etc), except for the application of a poten-
tial difference. The potential difference was applied/
discharged only under inert gas conditions to minimise any
risk associated with accidental discharge. The potential dif-
ference applied to the carbon ﬁbre substrate was +300 V with
respect to the counter electrode (graphite foil, earthed) with
the electric-ﬁeld estimated to be of the order of
0.3–0.7 V μm−1, with further details contained in the sup-
plementary information S.4.
2.4. Fibre morphology characterisation
As-received sized ﬁbres, bi-catalyst coated ﬁbres, and CNT-g-CF
were examined with a high resolution ﬁeld emission gun scan-
ning electron microscope (SEM) (5 kV, Leo Gemini 1525 using
SmartSEM software interface V05.05.03.00, Carl Zeiss NTS Ltd,
UK). The SEM samples were prepared on Al stubs adhered with
silver DAG, with all SEM preparation products sourced from
Agar Scientiﬁc Ltd, UK. Transmission electron microscopy
(TEM, JEOL-2010F Electron Microscope, JEOL Ltd, UK) was
performed at 200 kV (Digital Micrograph V1.81.78 for GMS
1.8.0, 1996, Gatan Inc., USA software), on cut ﬁbre specimens
prepared in a folding TEM grid (butterﬂy, copper mesh, Agar
Scientiﬁc Ltd, UK), folded and ﬁxed into position using the
provided latch. Post processing of the microscopy images to
determine the feature dimensions was carried out using open-
source Java software ImageJ (V. 1.45s, US National Institutes of
Health, USA [87]).
2.5. Characterisation of fibre tensile properties and CNT
adhesion
Characterisation of the CNT-g-CF was carried out via single
ﬁbre tensile tests, using a TST350 Tensile Stress Tester and
computer interface (Linksys32, V1.9.1, Linkam Scientiﬁc
Instruments Ltd, UK) following the British standard BS EN
ISO 11566, 1996 [88] Method B, compliance value (K )
16.6 mmN−1, using 6.9 μm diameter for all samples (see
footnote 5) (N.B. orthogonal CNT forests do not carry any
appreciable tensile load in this test, so all force applied during
single ﬁbre tensile loading are assumed to be solely attributable
to the carbon ﬁbre’s properties. No signiﬁcant alteration to the
core ﬁbre diameters during processing was observed
ﬁgure 3(b)), 15 μm s−1 crosshead speed, in standard ambient
atmospheric temperature and pressure using a 20 N load cell, as
described elsewhere [25]. Fibres were glued to card holders
using epoxy adhesive (Araldite Rapid Adhesive, Huntsman
Advanced Materials GmbH, CH) and tested at gauge lengths of
15, 25 and 35mm. Gauge-length independent mean ﬁbre
strength ﬁts are included in results (Weibull shape, OriginPro
8.6.0 programme, Score method Blom, OriginLab Corp., USA,
2012) [89]. Single ﬁbre tensile tests were carried out to deter-
mine the effect of CNT-grafting on the ﬁbre properties. To
investigate the adhesion between the grafted CNTs and carbon
ﬁbres, qualitatively, CNT-g-CF were bath sonicated in EtOH
[27, 90, 91]. A 4 cm section was cut from the CNT-g-CF tow,
Figure 1. (a) Schematic illustration of the batch CVD set-up, with ﬁbres held in quartz frames and electrical connections to the carbon ﬁbre
and graphite foil electrodes shown, (b) an enlarged sample region, (c) circuit diagram of the capacitor arrangement of the carbon ﬁbre and
graphite foil electrodes including a switch to aid discharge.
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left to soak in HPLC EtOH (5ml) for 1 h then bath sonicated
(USC 300 T, 45 kHz, VWR UK) in a small vial for 1 h at a
temperature of 30 °C.
2.6. Surface area characterisation
The speciﬁc surface areas of as-received sized, bi-catalyst
coated ﬁbres, and CNT-g-CF were determined using Bru-
nauer, Emmett and Teller (BET) theory following the ISO
9277 standard [92] using Micromeritics TriStar Surface Area
and Porosity Analyser and TriStar3000 V6.07 software
(Micromeritics UK Ltd, UK) with oxygen-free nitrogen
(99.998 vol%, BOC, UK). CNT-g-CF (0 V, without a
potential difference applied during the synthesis) were
assessed using krypton (99.999 vol%, BOC, UK) due to the
low surface area and mass. Prior to a measurement, the
samples were degassed in nitrogen for at least 4 h at 80 °C,
BET isotherms can be found in the supplementary informa-
tion, S.5
2.7. Raman spectroscopy characterisation
Raman analysis provides a powerful non-destructive method
to assess the sample structure and imperfections (defects),
particularly of graphitic materials [93]. The intensity ratio of
the G mode (1582 cm−1) to the D mode (1350 cm−1) (IG to
ID) ratio is often used to characterise the level of disorder in a
sp2 (graphene) framework. Raman spectroscopy was carried
out on a LabRAM Inﬁnity with 532 nm [2.33 eV] Nd-YAG
green laser (LabSpec V4.18-06, 2005 software interface,
Horiba Jobin Yvon Ltd, UK) in a backscattered geometry.
Measured Raman spectra were background subtracted, with
ﬁve spectra taken at different ﬁbre locations, normalised to
the G mode and averaged.
2.8. Thermal gravimetric analysis (TGA)
TGA was performed to evaluate the weight of synthesised
CNTs; thermogram ﬁttings and details can be found in the
supplementary information S.6. TGA was carried out on a
Mettler Toledo TGA/DSC 1 with a GC200 ﬂow controller,
using STARe software v12.00 C. Under nitrogen (60 sccm)
samples were heated from 30 °C–100 °C at 35 °Cmin−1, and
then held isothermally at 100 °C for 30 min to dry, then the
gas was changed to compressed air (60 sccm) and the temp-
erature was then increased to 850 °C at 10 °Cmin−1.
3. Results
3.1. Microscopy and morphology
The attempted synthesis of CNT-g-CF with no applied
potential difference (0 V) ﬁgures 2(a)–(d), produced only
sporadic CNT-growth and caused severe pitting on the carbon
ﬁbre surface (see ﬁgure 2(a)) associated with a slight reduc-
tion in carbon ﬁbre diameter (measured by SEM, table 1).
When carbon ﬁbres were subjected to a 300 V potential dif-
ference during CNT synthesis, ﬁgures 2(e)–(h), a signiﬁcant
increase in the number of CNTs grown on the carbon ﬁbres
surface was observed, with the CNT-g-CFs exhibiting a dense
forest-like morphology. In areas where the CNTs had been
pulled away from the ﬁbre surface during SEM preparation of
CNT-g-CF (300 V) no observable damage associated with the
growth of CNTs was identiﬁed (ﬁgure 3). TEM images
(ﬁgure 2(h)) of CNTs synthesised on the surface of the carbon
ﬁbres, with an applied potential, showed that the nanotubes
had grown in a random orientation, were multi-walled, and
had a relatively disordered internal structure akin to full core
multi-walled CNT [94] (measured via TEM, table 1). Catalyst
was observed both at the tips and the bases of the CNTs, so
the dominant growth direction was unclear. The average
external diameter of isolated CNT-g-CF (300 V) increased
signiﬁcantly to 26 μm±7.8 μm (measured via SEM,
table 1), indicating a (minimum) radially resolved CNT-
growth length of approximately 10 μm. There was no dis-
cernible difference between CNT coverage/morphology on
carbon ﬁbres from the centre of the tow to that on the tow
edge. In the core of the tow, neighbouring carbon ﬁbres were
on occasion completely enveloped by the growth of CNTs
(supplementary information S.7, ﬁgure SI 6). SEM images of
as-received sized and bi-catalyst precursor coated carbon
ﬁbres can be found in the supplementary information (S.8,
ﬁgure SI 7). The reverse electrode conﬁguration i.e. carbon
ﬁbre substrate earthed and graphite foil +300 V produced an
identical CNT morphology (supplementary information S.9,
ﬁgure SI 8).
3.2. Fibre tensile properties
Mechanical testing of CNT-g-CF (0 V) showed that the
carbon ﬁbres had signiﬁcantly reduced tensile properties
(ﬁgure 4, supplementary information, S.10, table SI 3)
associated with damage caused by pitting of the catalyst
particles into the carbon ﬁbre surface. CNT-g-CF (300 V)
had markedly superior tensile properties when compared to
those of CNT-g-CF (0 V) and were similar to the as-
received sized and bi-catalyst precursor deposited carbon
ﬁbre controls. The variability in the ﬁbre strengths can be
characterised by the Weibull shape parameter (Weibull
modulus). All samples, with each sample set tested at three
different gauge lengths, have a similar Weibull distribution
with Weibull moduli of between 3.4–5.8. A Weibull mod-
ulus of around 5 is typical for carbon ﬁbres [95]. It appears
that the applied potential difference minimised the damage
to the carbon ﬁbres, possibly by isolating the catalyst par-
ticles on the surface. However, it is also important to note
that the CNTs were well attached to the carbon ﬁbres. The
strength of the attachment was demonstrated, qualitatively,
by ultrasonicating CNT-g-CF (300 V) in ethanol; although
the CNTs collapsed and were densiﬁed (ﬁgure 5) by the
capillary forces during drying [96], they remained fully and
uniformly attached, consistent with a direct bond with the
carbon ﬁbres.
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Figure 2. SEM images (a)–(d) TEM image of CNT-g-CF (0 V) synthesised without the application of a potential difference (p.d.). SEM
images (e)–(h) TEM image of CNT-g-CF synthesised under an applied potential difference of 300 V. For electron micrographs of as-received
sized carbon ﬁbre and bi-catalyst coated carbon ﬁbre refer to supplementary information S.8, ﬁgure SI 7.
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3.3. Surface area and TGA
The speciﬁc surface area (table 1) of the pristine carbon ﬁbres
was low (0.24 m2 g−1) as was expected, and was not sig-
niﬁcantly increased by the deposition of the bi-catalyst pre-
cursor, nor by CVD in the absence of an applied potential
difference. The surface area of CNT-g-CF (0 V) remained
below 1 m2 g−1, consistent with the low yield of CNTs as
seen under the SEM (ﬁgures 2(a)–(c)). In contrast, for the
CNT-g-CF (300 V), the dense layer of grafted CNTs
increased the surface area substantially (185 m2 g−1). This
value is greater than many literature values which are in the
region of 60–90 m2 g−1 for CNT-g-CF cloth [97, 98], indi-
cative of a high degree of grafting throughout the tow. The
surface area was naturally lower than typical commercially
bought multi-walled CNTs (MWCNTs, 250 m2 g−1 [99]), due
to the contributing mass of the carbon ﬁbres. As-received
sized carbon ﬁbres, bi-catalyst deposited carbon ﬁbres and
CNT-g-CF (0 V) showed Type II adsorption isotherms related
Table 1. Carbon ﬁbre and carbon nanotube dimensions/content deduced from microscopy, TGA and BET analysis.
Sample
Fibre diameter†
(μm)
CNT perp. thickness
to ﬁbre† (μm)
CNT diameter◊
(nm)
Speciﬁc surface area
(m2 g−1)
CNT weight
percentage‡ (wt%)
As-received sized carbon ﬁbre 6.9±0.2 N/A N/A 0.24±0.005 N/A
Bi-catalyst precursor depos-
ited carbon ﬁbre
6.9±0.2 N/A N/A 0.31±0.005 N/A
CNT-g-CF (0 V) without
potential difference
6.5±0.3 N/A 16±6.4 0.47±0.005 N/A
CNT-g-CF (300 V) with
potential difference
26±7.8 ∼10 56±36 185±0.6 <37
Values with a †, ◊ and ‡ refer to measurements made on the SEM, TEM and TGA (upper bound presented) respectively.
Figure 3. SEM images (a) and (b) of CNT-g-CF synthesised under
an applied potential difference of 300 V, a carbon ﬁbre has been
pulled away from the tow after CNT synthesis with an exfoliated
section, showing an apparently undamaged carbon ﬁbre surface. Figure 4. (a) Average tensile strengths (with gauge dependence ﬁtted
using the Weibull shape and scalar parameters) and (b) average
tensile modulus of elasticity (tensile modulus, slightly offset on the
abscissa for clarity), for CNTs grafted onto the ﬁbre surface with
(CNT-g-CF (300 V)) and without (CNT-g-CF (0 V)) the application
of a potential difference. Tabulated data can be found in the
supplementary information S.10 (a colour version of this ﬁgure can
be viewed online).
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to a non-porous structure, with CNT-g-CF (300 V) showing a
Type IV adsorption isotherm indicating that mesoporosity has
been introduced through the grafted CNTs, in accordance
with the IUPAC classiﬁcation [100], BET isotherms con-
tained in the supplementary information, S.5. TGA was used
to estimate the weight percentage of CNTs in CNT-g-CF
(300 V) sample through the de-convolution of the CNTs and
carbon ﬁbres decomposition features, indicating an upper
bound of 37 wt%. No separate feature attributable to CNTs
was observed for the CNT-g-CF (0 V) sample, although a
lower decomposition temperature for the primary ﬁbre due to
damage may obscure a minor contribution. A full discussion
of TGA analysis can be found in the supplementary infor-
mation, S.6.
3.4. Raman spectroscopy analysis
As-received sized and bi-catalyst precursor coated carbon
ﬁbres showed characteristic PAN carbon ﬁbre Raman spectra
with D and G modes (ﬁgure 6). Distinct D, and G mode
sharpening was observed for CNT-g-CF (300 V) synthesised
with a potential difference, which was attributed to abundant
CNT-growth on the surface (ﬁgures 6 and 2(e)–(h)) [101].
Nevertheless, the CNTs had relatively low crystallinity (low
IG/ID ratio) which was expected from the disordered CNT
structure observed in the TEM (ﬁgure 2(h)). The Raman
spectrum for CNT-g-CF (0 V) did not display mode shar-
pening and was indistinguishable from controls, indicating an
insigniﬁcant CNT contribution.
4. Discussion
The application of a potential difference altered and encour-
aged CNT-growth allowing high density coverage of CNTs
uniformly across the entire ﬁbre length. Importantly, there
was no pitting or damage of the carbon ﬁbre, as evidenced by
the retention of thermal stability, and the mechanical prop-
erties in contrast to many previous CNT-g-CF production
routes. Conversely, when no potential difference was applied
during CVD, poor CNT synthesis and damage to the under-
lying carbon ﬁbre structure was observed. The exact mech-
anism underlying the increased CNT-growth on a charged
carbon substrate is not well established but is likely to include
either altering the catalyst dissolution characteristics,
Columbic effects altering the catalytic activity/particle size,
altering the catalyst wetting/mobility, improved gas ﬂow
through the ﬁbre bundle, or a combination thereof. The
Figure 6. Raman spectra of as-received sized carbon ﬁbres, bi-
catalyst deposition on carbon ﬁbres, and CNT-g-CF synthesised
without (0 V) and with (300 V) a potential difference applied with
corresponding IG to ID ratios shown.
Figure 5. (a)–(c) SEM images of CNT-g-CF synthesised under an
applied potential difference of 300 V after bath sonication for 1 h in
EtOH, and then dried at room conditions, showing the compacted
CNT forest still bound to the carbon ﬁbre surfaces.
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polarity of the potential difference applied to the system
(carbon ﬁbre as positive electrode or earth) did not inﬂuence
the magnitude of CNT growth (nor the hierarchical structure
of the forests) indicating that growth is a function of the
absolute potential difference, rather than electric ﬁeld. Non-
Faradaic electrochemical modiﬁcation of catalytic activity,
can therefore be excluded [102], but electrowetting effects
may inﬂuence the formation of uniform catalyst particles
upon reduction of catalyst precursor under an applied
potential [103–105].
There was no indication that improved CNT growth was
due to plasma-enhancement; the voltage and current were
relatively low (300 V and <0.01 A, respectively) and CVD
was carried out at or slightly above atmospheric pressure, at
conditions typically incompatible with generating or sustain-
ing a plasma [106–108] (further discussion included in sup-
plementary, S.11). During the process, the electrodes
maintained a ﬁxed potential difference, no characteristic
plasma glow was observed and CNT-growth times were
sufﬁciently long (60 min) that if a plasma were present,
etching would be visible on both the carbon ﬁbres and
CNTs [80].
In all instances, CNT growth was disordered in spite of
the presence of a high electric ﬁeld, well known to induce
orientation during typical CNT growth. The minimum esti-
mated ﬁeld strength of 0.27 V μm−1 in this experiment is
higher than that reported as a threshold (0.1 V μm−1) for
CNT alignment [109, 110]. It is thought that the complex
electric ﬁelds produced between the carbon ﬁbres within the
ca 4000 ﬁbre bundle alter the local conditions. Growth on
isolated and individualised ﬁbres might allow for symmetric
ﬁelds and have idealised radial growth; however, this
approach would lack scalability for composite applications.
5. Conclusion
In conclusion, the application of a potential difference has
been shown to enhance the uniformity of CNTs grown
directly on carbon ﬁbres. Crucially, in addition, the modiﬁed
procedure limits any damage to the carbon ﬁbre substrate that
degrades the intrinsic mechanical properties observed in most
CVD grafting experiments. The use of CNT-grafted-carbon
ﬁbres as hierarchical reinforcements in composites is expec-
ted to improve transverse mechanical properties, as well as
multifunctional properties including electrical/thermal con-
ductivities. In this context, establishing a growth process
which avoids degrading the primary ﬁbre properties is vital.
In contrast to previous routes which either heavily damage the
carbon ﬁbre surface or require a coating/protective barriers
(which both dramatically hinder ﬁnal composite perfor-
mance), here the intrinsic ﬁbre properties are maintained.
Furthermore, the application of a potential difference to the
carbon ﬁbre substrate is a viable option to effectively improve
CNT-growth which might be applied to other chargeable
substrates (carbonaceous or otherwise).
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